Abstract
Unsustainable exploitation of tropical forest resources is raising worldwide concern. In Papua New Guinea (PNG) timber harvesting has been identified as a major contributor to deforestation and forest degradation but its impact on biodiversity is still poorly understood.
In this study we investigated the effect of selective logging on tree taxonomic composition, structure and diversity of PNG forests. We used data from 101 one-hectare permanent sample plots (PSPs) belonging to two vegetation types: low altitude forest on plains and fans (type P) and low altitude forest on uplands (type H). We used multivariate techniques to test for significant differences in species composition between plots of different vegetation types and disturbance regimes, identifying the tree taxa to which these differences could be ascribed.
ANOVA was used to test for differences between logged-over and unlogged forest PSPs with respect to biodiversity (richness, Shannon diversity, Pielou's evenness) and stand structure (stem density, basal area (BA)). Temporal trends of forest features were analyzed using linear regression. Significant differences in taxonomic composition were found between loggedover and unlogged plots of the H type ( p = 0.04). No differences were found in richness, diversity and evenness between logged-over and unlogged forest plots, while stem density was higher in the latter (421 ± 153 stems ha Our analysis highlights some significant effects of logging activities on biodiversity and structure of PNG forests. Additionally, forests exhibited a significant recovery with respect to richness, diversity and stand structure. These preliminary results will be compared with the data collected by the forthcoming National Forest Inventory in order to assess and monitor the effects of human activities and ecological factors on PNG forest biodiversity and develop appropriate conservation measures and sustainable management strategies.
Introduction
Tropical forests cover less than 10% of the global land area but they probably harbor more than half of all species on Earth. The island of New Guinea possesses the third largest tropical rainforest on the planet after the Amazon and the Congo Basin. About half of that forest belongs to Papua New Guinea (PNG) with about 33 Mha covered by closed natural forest (Keenan et al. 2011) . The forests of PNG have been ranked among the world's ten most ecologically distinctive forest regions (Bryant et al. 1997 , Olsen & Dinerstein 1998 , Brooks et al. 2006 , accounting for an estimated 6% of the world biodiversity (Davis et al. 1995 , European Union 2006 , Kinch et al. 2010 ) and providing habitat for approximately 11,000 plant species currently described, and some 9,000-14,000 yet to be discovered (Supriatna et al. 1999 ).
Deforestation and forest degradation are listed among the main causes of species loss in biodiversity hotspots (Myers et al. 2000 , Pimm & Raven 2000 , Stork 2010 ), particularly in tropical areas. However, well managed logged forests still provide many important ecological services such as carbon sequestration, soil erosion control, water regime regulation (Edwards et al. 2014 , Bicknell et al. 2015 and are home to numerous animal and plant species (Edwards et al. 2011 , Putz et al. 2012 . In PNG, logging operations have suffered in the past from poor performance and a high level of corruption (APAG 1990 , Filer & Sekhran 1998 , which finally led to the passing of the National Forestry Act of 1991 (PNGFA 1991), aiming to provide regulations for a more sustainable supply of timber.
Nonetheless, logging of native forests in PNG is still criticized for a host of unsustainable practices (Laurance et al. 2010 , Lindemalm & Rogers 2013 . Timber concessions usually , while the planned return period is usually of 35-40 years (Keenan et al. 2005) .
Previous studies questioned the sustainability of current logging practices, without achieving unanimous agreement as for the rate and extent of deforestation and forest degradation. Shearman et al. (2008 Shearman et al. ( , 2009 Nevertheless, they acknowledged the complex long-term effects of timber harvesting on forest carbon stocks.
In order to address such issues, remuneration for forest values such as carbon sequestration capacity has generated much interest in PNG, particularly as an alternative income source to large-scale timber harvesting (Fox et al. 2011a) . In this respect, useful data will be provided by the forthcoming multipurpose National Forest Inventory (NFI), which will be a key component of the National Forest Monitoring System that PNG is required to establish for Reducing Emission from Deforestation and Forest Degradation (REDD+). REDD+ is an expected mechanism under the United Nations Framework Convention on Climate Change (UNFCCC), which consists in a wide range of activities aimed at preserving forest carbon stock, as well as promoting biodiversity conservation (Howes 2009 , Melik 2010 , Grussu et al. 2014 ).
With this study we aimed to contribute to PNG's REDD+ preparedness activities by providing a first insight on the effect of selective logging on forest biodiversity. To that end, we analyzed data from an existing set of Permanent Sample Plots (PSPs) that was established to assist planning of forest management options (Alder et al. 1999) and to provide a groundbased estimation of forest C and C flux associated with selective logging (Fox et al. , 2011b . We used PNG's PSP data to shed light on the impact of selective logging on PNG's forest structure as well as on tree taxonomic diversity, which has shown a significant cross taxon congruency and can therefore be considered as a proxy for other taxonomic groups (Howard et al. 1998 , Kati et al. 2004 , Barlow et al. 2007 ). In particular, we sought to: (1) determine the effect of selective-logging on tree taxonomic composition by using multivariate analyses techniques, (2) assess the impact of selective-logging on indicators such as forest structure, richness, diversity and evenness, (3) analyze changes of these indicators in relation to the years after logging (YAL).
The sampling scheme of the existing PSPs was not meant to provide an assessment of the effect of forest management on biodiversity in such a wide and heterogeneous area as PNG. A systematic assessment and a clear experimental design are lacking, which makes it difficult to go beyond the analyses described in this paper. Since only a few studies have been carried out to this purpose, some of which were limited to specific regions (Saulei 1984 , Lindemalm & Rogers 2013 ) and some focused on stand structure rather than biodiversity (Yosi et al. 2011), we decided to conduct a first extensive preliminary evaluation despite the current limitations, to inform the design of the forthcoming NFI.
Materials and methods

Dataset
Background
One hundred and thirty five PSPs ( Measurements taken on trees included DBH and height. The data has previously been collated, cleaned and transferred into a Microsoft Access database . A total of 122 plots were established in selectively harvested forests, usually 0-4 YAL (although 7 PSPs were established from 6 to 13 YAL), and were specifically intended to monitor forest recovery and re-growth. Only 13 PSPs were located in unlogged forests.
PSP used in the study
Despite the precise field procedure some problems occurred during preliminary analysis of data. Twenty four PSPs were labeled as burnt by fires associated with El Niño-SouthernOscillation (ENSO) drought event of 1997 /1998 (Barr 1999 , 2011b , which could have influenced the number and abundance of tree species in the plots. Thus, these plots were not included in our analyses. Moreover, montane forests were under-represented with only 10 PSPs, of which just two located in unlogged forests. Hence, to avoid biased results, we carried out the analyses on a set of 101 unburned lowland forest PSPs for a total of 342 censuses with 119,404 tree measurements (32,243 stems recorded at the first census). Stems were identified either to genus or species level, for a total of 527 taxa. Due to the current incomplete taxonomic knowledge of tree species in PNG and the difficulties in identifying them, this limitation is expected to occur in all forest surveys so that our results are comparable with those from previous similar studies (see Yosi et al. 2011) or from the forthcoming NFI.
Forest vegetation types
In order to account for differences among vegetation types (VTs), the PSPs were superimposed on a PNG vegetation map (JICA-PNGFA 2014) and the corresponding VT was recorded. The 101 plots were distributed into two different lowland VTs: 49 PSPs (6 in unlogged forests) in low altitude forest on plains and fans (P), and 52 PSPs (4 in unlogged forests) in low altitude forests on uplands (H).
Data analysis
Tree taxonomic composition
Selective-harvesting in PNG affects forest structure with respect to basal area (BA), timber volume and number of stems (Yosi et al. 2011) . Our aim was to determine whether logging activities had had an impact on tree species composition, focusing on both commercial and non-commercial species (Eddowes 1977 , PNGFA 1996 . To this end, we compared the taxonomic composition of unlogged and logged-over (0-4 YAL) PSPs using multivariate analysis techniques. PRIMER6 and PERMANOVA+ analysis software (version 6.1.14 and transformation) with the CAP axes was calculated to determine which taxa were responsible for the tested differences. We chose the Pearson correlation coefficient considering only species with an absolute correlation > 0.3 and tested for significant differences between mean abundances of the identified species in different groups using a non-parametric WilcoxonMann-Whitney test. Finally, we identified the life history strategies (LHS) of such species (K.
Q. Damas, personal communication).
Diversity and structure indexes
To examine the effects of logging on forest diversity we estimated Shannon diversity index (Shannon 1948 ) and Pielou's evenness measure (Pielou 1966) for each plot. The former was calculated as:
where p i is the proportion of individuals belonging to the ith species. The Pielou index is expressed as:
where S is the total number of taxa. Additionally, we calculated the total BA and the number of stems for each plot as a measure of tree cover and density.
Differences in richness, diversity, evenness, total BA and stem density between unlogged and logged-over forests (0-4 YAL) within the two VTs were tested with two-way ANOVAs on the first census of the PSPs. Pair-wise Student's t-tests were carried out when appropriate. To observe trends of the aforementioned indexes with elapsed YAL in both VTs we fitted five multiple linear regression models. The calculations were carried out using R software. Tree taxonomic composition Significant differences in taxonomic composition were found between the two VTs (Pseudo-F = 1.72; p = 0.01) and between logged-over and unlogged forests (Pseudo-F = 1.76; p = 0.01) which, however, were ascribable only to differences between logged-over and unlogged forests of the H type (t = 1.29; p = 0.04) (Tab. 1). No constraints to the interpretation of PERMANOVA results were detected, as dispersions among the tested groups were homogeneous (Tab. 1).
CAP ordination discerned between plots of different VTs and disturbance regimes.
However, while logged-over plots are well differentiated from unlogged plots of the type H along axis 2, weaker differences were found between logged-over and unlogged plots of the type P, consistently with PERMANOVA (Fig. 2) . The taxa which are responsible for the identified differences within VT H were identified according to their correlation with CAP axis 2. Table 2 reports all the taxa with significant differences in abundance between loggedover and unlogged forests of the type H, along with their Pearson correlation coefficient and LHS codes. All the taxa showed negative correlation with CAP axis 2, meaning that they were less abundant in logged-over forests (with Calophyllum europhyllum, Dillenia papuana, Litsea firma and Myristica subalulata showing the strongest correlation to the axis 2), the majority of which belonged to the primary species group.
Greater taxonomic richness (p = 0.02) and stem density (p = 0.001) were found in P type forests (58 ± 13 taxa ha ). As for richness, diversity (H') and evenness (J), no significant differences were discovered between logged-over and unlogged forest plots, while we found higher stem density in unlogged PSPs (421 ± 153 stems ha and VT was found significant (p = 0.0003). Hence, we analyzed the former separately for the two VTs and highlighted significant differences between logged-over and unlogged plots of the H type forests (p = 0.005) (Tab. 3).
Furthermore, we examined the trends in the considered indexes in relation to the YAL, accounting for different VTs. The outputs of the multiple linear regression models are reported in Table 4 . The analysis of richness trend with elapsed YAL highlighted a slight increase in the number of taxa (Fig. 3a) , with a gain of about one new taxon per hectare every two years. Similarly, diversity showed some increase with time ( Fig. 3b) , while evenness remained roughly constant through the years (Fig. 3c) . ( Fig.   3d ,e).
Discussion
Our analyses highlighted significant differences in tree taxonomic composition between VTs and between logged-over and unlogged forests of the H type (Tab. 1). CAP ordination provided a meaningful graphical representation of these results (Fig. 2) . Plots belonging to different VTs were grouped separately along axis 1, despite being very close to each other.
Indeed, they shared some of the most common species that are present in PNG lowland forests, such as Pometia pinnata, and Pimeleodendron amboinicum and several common genera like Syzigium spp. and Cananga spp. (which together account for more than 50% of all the identified taxa). Conversely, some species were only present in H type plots (e.g.
Calophyllum europhyllum, Gmelina dalrympleana, Decaspermum fruiticosum and Timonius
pulposus) while others were found only in plots of the P type (e.g. Gulubia costata, Hopea papuana, Tetrameles nudiflora and Trichospermum burretii). Thus, their subtle differences could be attributed to the relative abundance of the most common taxa and to the composition of the rarest. This is coherent with PNG's elevation-zone based vegetation classification by Hammermaster & Saunders (1995) , which places all forests between 0 and 1000 m asl in the same class. An explanation to this could be that, given the narrow altitudinal range, differences in tree species composition of the two lowland forests might rather be related to soil conditions and water drainage (Paijmans 1975 suggesting that logging activities affect their abundance as in the case for commercial ones.
These effects could be explained by the relatively low selectivity of logging practices that are usually carried out in PNG. Accidental damages during felling of other trees or skidding and construction of logging roads are frequent (Cameron & Vigus 1992 , Verissimo et al. 1992 , Abe et al. 1999 , Nepstad et al. 1999 , Shearman et al. 2008 and have a significant impact on all tree species, regardless of their commercial value. Indeed, when 21% of stems were harvested in Bulolo, in the Morobe Province of PNG, only 17% of them remained after the logging operation (Enright 1978 (Fig. 2) .
Unlogged PSPs seemed to exhibit slightly greater average taxonomic richness and diversity than logged over plots, although the difference was not statistically significant (Tab.
3). This is consistent with several previous studies, which have reported that the species diversity of logged-over tropical forest was not significantly different from adjacent, undisturbed forest within a relatively short period after logging (e.g. <20 years) (Pelissier et al. 1998 , Hall et al. 2003 , Verburg & van Eijk-Bos 2003 , Bischoff et al. 2005 . Nevertheless, we believe that our unlogged plots were probably too few to provide a reliable evaluation of the tree richness and diversity which, due to the high variability and heterogeneity of tropical in case of high intensity logging (Oavika 1992 , Alder 1998 , Kingston & Nir 1998 ). This result corroborates the findings of Ferry Slik et al. (2002), who analyzed recovery processes after logging in the tropical forests of Indonesia. On the other hand, P type forests did not exhibit any significant trend. Diversity indexes revealed differential patterns of change in relation to the YAL. While richness and diversity showed slightly positive trends with elapsed YAL (Fig. 3a,b) , evenness remained roughly constant through time. One possible explanation is that new taxa recorded in the plots were represented by very few individuals, thus leading to an increase in richness and diversity only. Moreover, as the available dataset included only trees >10 cm DBH, our analyses did not account for short-lived pioneer species, or species only present as saplings and seedlings, which could strongly influence species evenness, richness and compositional dynamics in the years following timber harvesting.
Conclusions
Our analysis highlighted some significant effects of logging activities on tree biodiversity and structure of PNG forests, although showing contrasting results. These spatio-temporal patterns could be further clarified with an improved sample design, as well as with before-after control-impact (BACI) studies (Lindenmayer 1999) with different intensities of timber harvesting. Additionally, the number of unlogged forest plots should be increased to obtain a precise assessment of the impact of logging in PNG forests, and consecutive censuses should be carried out in both logged-over and unlogged plots at the same time, in order to allow for meaningful monitoring of forest dynamics following disturbance. However, our results provided some important preliminary insights on the topic and will be useful when compared with those that will be acquired with the new NFI, which is being developed under the arrangements for REDD+. This will be instrumental in assessing and monitoring the impact of human activities and ecological factors on PNG forest biodiversity, and will support the development of sound strategies for the conservation and sustainable management of the nation's biodiverse forest heritage. 
